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Introduction
Urban car transport is a significant source of carbon dioxide (CO 2 ) emissions and contributes to climate change, with global impacts on social welfare over centuries. In theory, it would be possible to use Pigouvian taxation (Pigou, 1920) to internalize this negative externality. In this case, a tax is introduced on energy consumption or carbon emissions at a level that corresponds to their social cost. 2 The implementation of such a unique price of carbon equal to the social cost of carbon would change behaviors in a way that maximizes social welfare. There is a vast literature investigating optimal taxation (Cremer et al., 1998; Sandmo, 1975) and the social cost of carbon (Tol, 2005; Nordhaus, 2008 ; Interagency Working Group on Social Cost of Carbon, US Government, 2010; Perrissin Fabert et al., 2012) .
However, Pigouvian taxation is difficult to implement in practice, and is unlikely to be optimal on its own . The reasons for this include knowledge spill-overs (Acemoglu et al., 2012) , imperfect foresight and the lack of credibility of a long-term carbon price (especially for longlasting infrastructure, see , the political obstacle due to the policy impact on existing polluting capital and stranded assets , and the difficulty in estimating the right level of a Pigouvian tax (e.g., the debate of the social cost of carbon, see Pindyck, 2013) .
For these reasons, the debate on climate change policies has been mostly framed in a costeffectiveness approach, in which a target is set in terms of carbon budget or emissions at one point in time (e.g., the -20% in emissions by 2020 compared to 1990 levels in the EU climate policy), with policies then designed to reach the target at the lowest possible cost. In this paper, we start from a similar cost-effectiveness approach in which an emission reduction target is introduced with a time horizon that lies between 2020 and 2050.
We investigate the effectiveness of a higher gasoline tax or a carbon price, i.e. their ability to reduce emissions and meet the pre-determined emission-reduction target, and its efficiency, i.e. the cost of reaching the target, in contexts that differ in terms of public transport availability and land-use patterns. We focus on the elasticity of urban transportation emissions with respect to the carbon price, which can vary widely depending on availability of public transport infrastructure. Public transport offers a substitution option away from individual car and is therefore a major determinant of emission elasticity and carbon-pricing effectiveness. Higher elasticity reduces the negative impact of the tax and increases the acceptability of the carbon or gasoline tax, an important consideration in view of the opposition met in recent attempts to introduce such fiscal instruments (Jenkins, 2014; Rozenberg et al., 2014 ).
This question is highly policy-relevant, as many cities in developing countries are in the process of designing and building their infrastructure network -thus shaping their urban form for the next century and beyond (Lecocq and Shalizi, 2014) . It is therefore critical to understand how these shortterm decisions will affect how these cities could implement a carbon price in the future and how effective this price would be in cutting emissions. To investigate this issue, we compare two cities:
2 Carbon emission is hardly the only externality generated by car transport. While road congestion can be experienced closely in many urban regions on a daily basis, other externalities from road transport are as important: local air pollution, noise and accidents have significant economic and social costs, and calls have been made for policy intervention (Bento et al., 2013; IMF, 2013) . These other externalities should also be taken into account when designing urban and transport policies.
Paris as it exists in 2010, and a counterfactual Paris in which no public transport infrastructure would have been built. We use a transport -land use model (NEDUM-2D) calibrated for these two scenarios to compare the resulting CO 2 emissions and their response to carbon pricing or other gasoline taxes.
We find that both the effectiveness and efficiency of carbon or gasoline taxes are much higher when a dense public transport network is available. In the short to medium term the price elasticity of commuting-related CO 2 emissions is about twice as high when public transport exists. In the longer term however, price elasticities tend to converge although they remain higher by about 20% on average when public transport is available. These results provide a quantified estimate of how much more effective price signals are in changing behaviors when complemented by other instruments such as public transport investments. 3 This exercise provides estimates of the extent to which fast growing cities in the developing world will be able to curb their future transport emissions, depending on their near-term infrastructure investment decisions.
The remainder of this paper is structured as follows: In Section 2 we decompose commuting related CO 2 emissions and express the elasticity of emissions to fuel prices consequentially. In Section 3 we present the main features of the urban model NEDUM-2D that is used to assess emissions on the Paris urban area. Then we outline the method for building the two scenarios: one with public transport as it currently exists, and the other without. Section 4 presents the estimated effects of introducing various carbon or gasoline taxes in the two scenarios. Section 5 compares our results with econometric estimates of car travel or fuel consumption price elasticity, and explores whether our model results can help to explain these results. Section 6 summarizes the findings and concludes.
Fuel price elasticity of CO2 emissions from commuting -The analytical basis
A useful way of understanding and representing CO 2 emissions is to resort to a Kaya type equation (Kaya and Yokobori, 1997; Schipper et al., 2000) , which identifies the key drivers of emission dynamics.
Assuming that public transportation is carbon-free 4 , we decompose the aggregate emissions from commuting in Paris in a given year , as: , all variables depend on the on the price of gasoline .
The fact that depends on reflects the possibility of modal shift, i.e. people shifting from individual vehicles to public transportation (or walking or cycling) and vice versa as the relative prices of each transport mode evolve. The fact that depends on fuel prices reflects the possibility that people may decide to live closer to their workplace, and that urban forms change with the price of energy (Gusdorf and Hallegatte, 2007a) . For instance, urban density can increase to allow more people to live close to their jobs, resulting in higher buildings, smaller dwellings, and higher land fraction used for buildings (e.g. instead of parks). The fact that depends on the price of fuel reflects the changes in technologies and cars, from the purchase of smaller, more efficient cars (or even two-wheelers) to more radical changes in car technologies (hybrid cars, electric vehicles).
6 In line with above, the fuel price elasticity can be written as:
In practice this price elasticity can be influenced through a number of channels, affecting various elements of the above expression:
• Investments (both public and private) can affect , i.e. the share of people using private cars for commuting. As public transport infrastructure gets denser, its convenience for users and its efficiency (in terms of decreased transport times) increases (Bertaud, 2002) . Investments in public transport infrastructure therefore allow commuters to shift to public transport modes when confronted with a fuel price increase triggered by a carbon or gasoline tax. On the other hand, if the public transport system is inefficient or inexistent, the modal shift will inherently be limited.
• Public policies and regulation can improve cars' fuel (or carbon) efficiency, i.e. the term . This can be affected through the provision of public incentives to purchase lower emitting cars (e.g. the feebate program introduced in France to tax energy-consuming cars and subsidize efficient ones). Stronger regulatory tools such as standards on the fuel efficiency of cars or on the CO 2 emissions/km can also have significant impacts on the fuel consumption of the fleet of automobiles as has been noted both in the US and in Europe (Anderson et al., 2011) . Fuel efficiency can also increase as a result of R&D investments in the car industry. Some of these investments will be directly triggered by the increase in fuel prices as the automobile industry seeks to maximize profits and thus adapts to new conditions. Other investments will only be initiated if the state provides a certain amount of subsidies. These subsidies can materialize in the form of R&D subsidies, rebates on corporate taxes, or even as public-private partnerships to promote the use of low-carbon vehicles. Regardless of their form, as subsidy levels vary, the technological progress towards fuel efficient vehicles is also likely to vary, and thus to directly impact on the elasticity of emissions to fuel price variations. 5 We assume that , the price of gasoline does not affect migration between cities and rural-urban localization choices in a significant way. 6 In this analysis, we treat income levels as exogenous.
• Behaviors and cultural norms can also influence the ability to lower emissions from commuting.
The choice of commuting by car rather than by bus is not only a rational decision based on relative costs, but can also be strongly influenced by deeply embedded beliefs. In a large survey in Scotland, Ellaway and al. (2003) for instance find that car transport provides individuals (in particular males) with psychological benefits such as self-esteem, and feelings of autonomy and prestige, which could not be derived from public transport. Even though such beliefs vary strongly across place and time, their prevalence is likely to hinder modal shift and thus the ability to decrease emissions from transport. The average emissions per kilometer of private vehicles can equally depend on behaviors such as driving style: reduced speed decreases fuel consumption.
In addition to these factors, it is also necessary to distinguish between long and short term elasticities, as impacts manifest themselves at different timescales , 2012 ):
• The emissions per kilometer traveled in an individual vehicle can change over relatively short timescales, when individuals replace their old car with smaller or more fuel efficient vehicles. This timescale depends on the replacement pace of vehicles -we assume this to be ten years as in Turton and Moura (2008) . Over a longer timescale, and assuming that the price of gasoline changes in regions or countries that are large enough to influence marketing choices and R&D policies of automakers, then the supply of vehicles will also change, allowing for a more radical reduction in by supplying technologically more advanced vehicles.
• The change in kilometers traveled to commute also involves several timescales. Over short timescales, a small share of individuals will move closer to their workplace, leading to an increase in rents around business districts, and thus a reduction in average dwelling size. This can occur reasonably quickly as apartments can be split without extensive structural work on buildings, and as housing practices can evolve: students may stay with their parents, or apartments may be shared by several individuals. Significant changes in density, however, can only be achieved over the long term, when buildings are extended or replaced. In historical neighborhoods, it may take centuries; in locations with more recent building stock, it may take a few years or decades.
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• Modal shift can be instantaneous, as people can decide overnight to take public transportation. However, as explained above, the ability to shift depends on the availability of suitable public transport alternatives, for which public investment plays a critical role in the long term. In this study we do not account for potential congestion effects in public transit that this modal shift could trigger. It is assumed that small investments can be made in order to increase carrying capacities of the existing infrastructure or that service regularity can be increased over a short period of time.
Particularly over long timescales these different mechanisms can take effect, resulting in a larger price elasticity of emissions from commuting. In this paper, we propose to illustrate and quantify this effect for the specific case of Paris, distinguishing between the short and the longer term.
Methodology

The main features of the numerical modeling framework: NEDUM-2D
NEDUM-2D is a model designed to capture the dynamics of urban systems, and the importance of inertia, i.e. the slow pace at which cities evolve to adapt to new socio-economic conditions (Viguié and Hallegatte 2012) . It is based on a model developed in Hallegatte (2007a, 2007b) , Gusdorf et al. (2008) . It is a dynamic model which relies on the classical urban economics framework, an economic modeling approach developed in the 1960s (Alonso (1964) , Mills (1967) , Muth (1969) ) and comprehensively described in Fujita (1989) . It aims at explaining the spatial distribution of land and of real estate costs, housing surfaces, population densities, and building heights and densities.
NEDUM-2D differs from the model developed in Fujita (1989) . First, it introduces dynamics, which enables it to take into account the effect of a global change in income or population. As explained in Gusdorf et al. (2008) , urban economics has mostly been used to explore the characteristics of longrun equilibria. However, when population, transport prices, or income vary (sometimes in unpredictable ways), housing infrastructure cannot adapt instantaneously to changing conditions. NEDUM-2D explicitly represents these dynamics and accounts for temporary imbalances between housing supply and demand.
Second, the theoretical model described by Fujita (1989) represents spatial differences solely as a function of the distance to the city center. As the name suggests NEDUM-2D is two dimensional, meaning that it is an urban model which represents urbanization on a map rather than on a single axis. For the Paris urban area, NEDUM-2D uses a grid of 100km² with cells of 1km². It can therefore account for spatial differences in land use and accessibility at a much finer scale. The model can represent differences between two cells situated at the same distance from the city center such as the amount of land that can be built upon due to geographical and institutional constraints or the proximity to public transport lines.
Three main mechanisms drive the modeling: First, we suppose that households choose their accommodation location and size by making a trade-off between the proximity to the city center (i.e. to the jobs in a mono-centric city) and real estate prices. Second, real estate developers choose to build more or less housing (i.e. larger or smaller buildings) at a specific location, depending on local real estate prices. Third, we suppose that city characteristics do not all evolve and adjust at the same speed. For instance, rents can evolve very quickly, whereas buildings change over a much longer timescale. As can be observed in Paris, construction is also much quicker than building destruction reflecting the existence of important sunk costs in housing structures, thus explaining a certain path dependency and asymmetry in a city's evolution.
With the required data, it is then possible to use these mechanisms to reproduce the internal structure of an actual city. Such an exercise was carried out for the Paris agglomeration (see Viguié and Hallegatte (2012) for the results and a full description of the model), noticeably by introducing realistic transportation networks (both public and private) together with current land-use constraints on the Paris agglomeration. Map 1 below provides an idea of the model's ability to reproduce Paris' urbanized area. More insights on the model's capacity to convincingly simulate the main features of the Paris urban area are provided in Viguié and Hallegatte (2012) and Viguié, Hallegatte and Rozenberg (2014) . 
Description of the transport module
The transportation module of the NEDUM-2D model represents modal choice. For each location in the urban area, citizens choose between walking, public transport and private vehicles, or a combination thereof as a means for commuting. The competition between these modes is organized on the basis of their generalized costs (i.e. the total cost including both the cost of time and the monetary costs incurred during the trip to the city center). It is assumed in this study that modal switch does not affect congestion levels and therefore leaves commuting times unchanged. In order to reflect the heterogeneity of citizens' preferences in terms of transport modes we employ a discrete choice model (De Palma and Thisse, 1987) . We follow a common approach in transportation economics by using a multinomial logit model which assigns usage probabilities to each transport mode (see Salon 2009; Washbrook, Haider, and Jaccard 2006) . This method ensures that even when one mode is much cheaper than the others, it will not be used by all residents in a location for all trips. The mode share of public transport in the model in 2006 for the Paris urban area (measured as the share of people using public transport) is around 35.5%, so relatively close to the 40% observed in 2001 (DRIEA, 2005) .
For the purposes of our study, the model was enhanced by introducing a mechanism which links average emissions of new cars to the evolution of the price of fuel. The fuel consumption 8 of new internal combustion engine vehicles decreases with the price of fuel as follows:
where represents the fuel price elasticity of consumption of new vehicles. Building on work conducted by Li et al. (2009) which examines the effects of gasoline prices on vehicle fleet composition in 20 US cities, we have selected a value of -0.2 for this elasticity. New vehicles are only acquired gradually, depending on both renewal of the existing fleet and new demand. Vehicles are assumed to have a ten year life cycle (Turton and Moura, 2008) , such that only a tenth of the fleet is renewed each year. New demand is created due to demographic dynamics, as newcomers may choose to commute by car. Overall, the average fuel consumption of vehicles will decrease as fuel prices increase, but with a certain degree of inertia. This way of representing evolution of fuel efficiency allows capturing rebound effects as commuting decisions are ultimately based on travel prices per km and not on the price of gasoline. An increase in the fuel efficiency of cars has two opposite effects on CO 2 emissions: First it lowers the emissions per km whilst at the same time, by reducing the cost of traveling by car, it tends to increase the amount of traveling leading to an increase in CO 2 emissions. The net impact is a decrease in carbon dioxide emissions that is lower than could be expected from fuel efficiency with unchanged behaviors.
Application to commuting in the Paris metropolitan region
In order to investigate the impact of carbon or gasoline taxes on CO 2 emissions and mobility, our study relies on projections of the various inputs to the NEDUM-2D model until 2050; in particular the future evolution of transport prices, income, and population. We selected these from one of the scenarios produced by the global energy modeling framework IMACLIM-R (Rozenberg et al., 2010; Waisman et al., 2012) , which was used and detailed in a previous study (Viguié et al., 2014) . In this scenario, the prices of fuel and public transport increase at similar paces reaching respectively 160% and 145% of their 2006 levels in 2050. Average incomes increase at an annual rate of 1.8%, while population in the urban area in 2050 is 18% larger than in 2006.
The primary aim of this paper is to compare an unconstrained baseline to projections that involve a carbon or gasoline tax, keeping all other inputs unchanged. As a first step, the scenario we chose will enable us to do so for a given evolution pattern of main urban and transport determinants. In a second step, we will investigate the importance of the choice of the baseline scenario by exploring a trajectory in which all inputs (income and population) remain constant up to 2050. This extreme case will enable us to discuss how the fuel price elasticities of CO 2 emissions are affected when a city is not growing and the inertia is stronger (see section 4.5).
The exercise presented here consists of simulations of the urban expansion of the Paris agglomeration using NEDUM-2D from 2006 to 2050. A carbon or gasoline tax is then introduced in 2012, and it is assumed that its value increases over time at the same rate as households' mean income. 9 Various starting values (in 2012) of the carbon or gasoline tax are tested, ranging from 50 to 1000€/tCO 2 . For simplicity the carbon tax values that are mentioned in the rest of this paper are the starting values in 2012, not the actual values at different points in time. Two series of simulations are conducted: the first considers private vehicles as the only means of transport whilst the second includes the currently existing public transport infrastructure. The aim of this paper is then to compare the results achieved in terms of CO 2 emissions with or without the city's public transport infrastructure. The counterfactual scenario where public transport does not exist is achieved by limiting the choice of commuters in the transport module to only two modes: cars and walking instead of three possible when the public transport network is available.
Ideally, in an economy managed by a social planner that seeks to maximize social well-being with perfect foresight, the existence of a carbon constraint (or a carbon price) would trigger appropriate regulatory reforms and investments to adapt infrastructure. However, decision-makers can fail to anticipate evolutions of socio-economic conditions such as the future prices of energy carriers, and infrastructure decisions are usually driven by many non-economic constraints. Market and government failures such as the lack of access to credit to finance infrastructure development can impair the development of infrastructure (World Bank, 2012) . Moreover, infrastructure is characterized by significant path dependencies, which implies that it cannot adapt rapidly to new constraints and new policies, including climate policies (Guivarch and Hallegatte, 2011; Vogt-Schilb et al., 2012 ). This in turn provides a rationale for studying the long lasting impacts of infrastructure provision through the use of scenarios in which infrastructure provision is exogenous.
Urban forms in the two scenarios
The two cities that are simulated by NEDUM-2D have different urban forms depending on whether public transport is available (Map 2). Without public transport, the agglomeration is more diskshaped. Conversely, public transport introduction results in slightly more sprawl 10 as additional urbanization takes place along the public transport lines. Without public transport, average population density is higher by around 7%, but also spatially more evenly distributed.
The cities that emerge from our modeling exercise present different spatial patterns from the start. As a consequence of the inertia that characterizes the evolution of urban systems, the late introduction of a public transport network in the counterfactual scenario would not enable a fast convergence towards the urban form that would emerge if a public transit network existed from the beginning. Not only would it be very costly since roads, buildings and infrastructure would have to be destroyed, but it would also take decades to build, with results materializing at a very slow pace. Indeed, the urban form can only change very slowly, at the rate of infrastructure renewal.
Map 3 shows the spatial differences in population densities in the two scenarios, with and without public transport infrastructure. Without public transport, households have an incentive to locate closer to the city center in order to shorten their commutes. This can be seen from the red and orange shades that appear within the first 15km of the city center. Conversely when public transport exists, households tend to locate less homogenously and to settle along the public transport lines to benefit from quick and cheap access to central Paris. As seen in Map 2, public transport loosens the commuting constraint and enables households to move further away from the city center, but only along the public transport lines. The green shade shows that when public transport exists, there is population redeployment towards the outskirts of the urban area, which closely follows the public transport infrastructure.
10 This is because the addition of a transport mode in the model provides an interesting alternative to cars and walking in some locations, and therefore lowers the overall cost of transport. This finding is consistent with related results in the literature (Baum-Snow, 2007; Brueckner, 2005; Viguié and Hallegatte, 2012) . Although none of these papers have specifically studied the introduction of public transport they all indicate that lower transport costs will lead to urban spatial expansion.
Map 3: Comparison of households' location decisions when public transport exists relative to a counterfactual scenario without public transport
In the absence of public transport, CO 2 emissions in Paris are much higher than in the presence of public transport infrastructure. In fact, they are up to 78% higher in the absence of a carbon tax. This large difference is also based on the assumption that public transport infrastructure is powered by low-carbon electricity, i.e. mainly nuclear power generation
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. Considering figures for the year 2006 it appears that the model underestimates CO 2 emissions from transport. Actual emissions reached 7.8MtCO 2 (IAU îdF and Région Île de France, 2011) in 2005, whilst NEDUM-2D estimates them to be around 5.6MtCO 2 . However, it is difficult to compare these figures as the model does not capture transport related emissions for other purposes than commuting. Nevertheless, the overall order of magnitude appears correct.
Introducing a carbon tax
The short and medium term impact of a carbon tax
We examine the impacts in both scenarios over time based on the hypothetical introduction of carbon or gasoline taxes in 2012. Figure 1 provides a graphic illustration of simulated commutingrelated CO 2 emissions for carbon or gasoline tax values ranging from 0 (i.e. no tax) to 200€/tCO 2 in 2020. These results confirm that increasing carbon or gasoline taxes are indeed able to reduce CO 2 emissions, which is consistent with other theoretical and empirical results (see for example Sterner (2007) ). The relative impact of carbon taxes on commuting-related emission levels in 2020 for scenarios with and without public transport. When the horizontal red dashed line crosses the blue and green curves we can read on the xaxis the carbon tax starting values that must be implemented in 2012 to achieve a 6% reduction in CO 2 emissions (65€/tCO 2 and 115 €/tCO 2 respectively with and without public transport).
It appears that carbon or gasoline taxes are more effective in curbing emissions that stem from transport when an alternative to fossil fuel intensive cars (such as public transport) exists: a 200€/tCO 2 carbon tax results in 16% lower emissions (relative to a situation with no tax) with public transport, compared to a little less than 10% without (Figure 2) . The ratio between the two is 1.6, i.e a 200€/tCO 2 carbon tax is greater than 60% more effective in the medium run when modal shift is possible. In the short run (i.e. until 2014), a 200€/tCO 2 carbon tax is 2.3 times more efficient in the presence of public transport than without (14% CO 2 emissions reduction with public transport compared to 6% without).
Another way of looking at Figure 2 is to consider the carbon or gasoline taxes required to achieve a given abatement objective. In the absence of public transportation, achieving a 6% decrease in CO 2 emissions would require almost double the carbon tax compared to the scenario in which public transport exists (115 €/tCO 2 instead of 65€/tCO 2 ). Thus, a carbon or gasoline tax is more efficient in the presence of public transport.
Overall, it must be noted that even with public transport, carbon taxes need to be high in order to achieve a relatively small abatement target. For instance, in the scenario with public transport, achieving a 6% reduction in CO2 emissions requires a carbon tax of 65€/tCO 2 over eight years. By comparison, the carbon tax which was debated in France in 2008 was only 17€/tCO 2 . Yet this bill failed in part because the financial burden on commuters living far from public transport was considered to be too high.
Part of this inefficiency of the carbon tax in reorienting behaviors towards more sustainable location and commuting decisions can be explained by the importance of the time cost component compared to the monetary component of commuting costs. Indeed Viguié, show that the cost of time in 2010 represents up to 90% of the generalized costs of transport in the Paris urban area (and 95% in 2050) . Therefore even a strong increase in fuel prices will only marginally affect generalized costs and travel behavior. Figure 3 compares emission reductions in 2050 with and without public transport for various carbon tax values. The red dashed lines show that to achieve a 15% reduction in CO 2 emissions, the tax should be approximately 120€/tCO 2 with public transport, and 140€/tCO 2 without. The efficiency of carbon taxes remains higher for all tax levels if public transport exists 13 . However, in the long run (2050), the impacts of carbon or gasoline taxes on CO 2 emissions are much closer between a situation with and without public transport than in the short and medium run. 12 In the presence of Pigouvian taxation, in which a carbon tax is introduced at a level equal to the "social cost of carbon", this low elasticity would translate into small emission reductions in the individual transport sector. In a cost-effectiveness framework, in which we start from a target in terms of emission reduction, the required emission reductions depend on how ambitious the target is. Importantly, considering the timescale of emission reduction in this sector, the need to reduce emissions in the transport sector will be affected by the long-term targets (2050 and below), not only short-term objectives. See an illustration for Brazil in . 13 It should equally be noted that the absolute level of emissions remains much higher in a situation without public transport. There is a straightforward explanation: without public transport, households can only mitigate the adverse effects of a carbon or gasoline tax by moving. Due to the inertia that characterizes construction and relocation decisions, such a strategy cannot have large impacts in the short term. Indeed, with fixed housing supply, the carbon price incentives to live close to employment centers mostly translate into higher rents that will cancel most of the incentives. Only when these higher rents translate into higher-density construction and larger housing supply near to employment centers can population relocation play a significant role in emission reduction.
The long-run impact of carbon or gasoline taxes
The roles of modal split, fuel efficiency and urban reconfiguration
This section presents evidence for the different channels through which CO 2 emissions are reduced by carbon pricing. We find that in the presence of a public transport system, the share of public transport usage is increasing over time. When no carbon or gasoline tax is introduced the share of public transport is estimated to increase from 36% (2014) to 38% (2050) due to a moderate relative decrease in transit prices. When a relatively high carbon or gasoline tax is introduced (equivalent to 200€/tCO2 in 2012), the modal share of public transport increases to 40% in 2014, and up to 41% in 2050. The rapid increase in transit usage reflects the fact that mode choice can evolve virtually overnight.
14 However, once the mode switch potential is exploited, the share of public transport is virtually constant throughout the whole simulation period. Generally, the share of public transport increases over time and this behavior is stronger for higher levels of the carbon or gasoline tax. However, while the overall modal transfer towards public transport is found to be significant, it is still relatively moderate in size.
14 The reader should be reminded that in this study we do not account for potential congestion effects in public transit. It is assumed that small investments can be made in order to increase carrying capacities of the existing infrastructure or that service regularity can be increased over a short period of time. Figure 4 suggests that, when public transport is available, modal split explains the largest share of emission reductions in the short term. Over a longer time span, the importance of urban reconfiguration and fuel efficiency grows, constituting together around 60% of the overall effect in 2055. Households will gradually relocate inside the urban area towards zones that allow shorter commuting distances. This inertia also characterizes the rate at which the vehicle fleet can be renewed. Therefore, switching to public transit is the most viable option in the short run if fuel prices increase. In the scenario without public transport, both the progress in the development of fuel efficient vehicles and in urban reconfiguration are characterized by high inertia ( Figure 5 ). They nearly evolve in parallel throughout the entire time frame, although in the very short term fuel efficiency prevails. Taken together, these figures show that when no immediate alternatives exist (e.g. switching to public transport), a very costly abatement option such as relocation is resorted to. These illustrations thus also highlight the high cost of reducing CO 2 emissions from commuting when no public transport exists.
Price elasticities
We find that decarbonizing commuting (in relative terms) is more efficient (i.e. cheaper) when public transport systems are available. The estimated fuel price elasticities of CO 2 emissions are presented in Table 1 for five different levels of carbon or gasoline taxes, both in the presence and absence of a public transit system. For each respective level of carbon or gasoline tax, the elasticities expressed in absolute terms are higher with public transport than without. This observation holds for any chosen level of carbon or gasoline tax, and for any considered time horizon. The elasticities with public transport are roughly twice as high as those without public transport in the short to medium term. Furthermore, these elasticities also increase from the short to the long term (in absolute terms) from [-0.44 --0 .60] to [-0.52 --0.62] with public transport and from -0.2 to [-0.42 --0.48] without. In the short run individual responses to fuel price increases are mainly limited to shifting to different means of transport (e.g. cycling, or public transport, if available) and putting more emphasis on fuel efficient driving. However, in the long run people have further options, e.g. by relocating closer to the workplace, or by adjusting the fleet of vehicles to the new price conditions. Since such long run options depend less on public transport, elasticities tend to not only increase, but also converge over time in both scenarios and for all considered levels of carbon tax. Elasticities in the long run are in the [-0.52 --0.62] range with public transport and [-0.42 --0.48] without. On average over the five levels of carbon taxes, long run elasticities are higher (in absolute terms) by 20% with public transport.
We also find that the elasticities evolve with the level of tax: In the scenario with public transport, the elasticities strictly increase with every rise in the carbon tax across all three time horizons. However, in the scenario without public transport, short term elasticities are found to remain virtually constant for all considered carbon tax levels, as people have limited options to switch to alternative forms of transport. In the long term, the elasticity increases up to a certain level of carbon tax (200€/tCO 2 ) and then decreases.
One reason is the presence of non-linear construction costs. Indeed, the lack of public transportation leaves people with relocation as one of the main response options. However, moving closer to jobs will be increasingly costly, as high population density entails high construction costs. Real estate developers optimize building types and heights as a function of the expected revenues and costs. Higher rents justify higher buildings, but the non-linearity in construction costs means that the gain in density is lower when density is already high. These "decreasing returns from density" mean that, above a certain level, increasing density becomes a very expensive way of reducing transportation costs.
Role of the baseline scenario
In order to control for the role of population and income growth, we also conducted a set of simulations based on the hypothesis that income and population remain constant between 2006 and 2050. This scenario yields less favorable results in terms of the capacity to abate emissions.
Indeed, a growing city has many new buildings constructed every year. These new buildings can be designed to take into account the incentives created by the carbon price, i.e. at higher density close to employment centers and lower density at the outskirts. A city that is growing over time can therefore accommodate changes in relative prices through new construction, while a stagnating city needs to destroy and rebuild, a process that is slower and much more expensive. It can be seen from Table 2 that the long term elasticities with public transport remain close to those presented before. Without public transport however, the no-growth assumption very much affects the capacity to decrease emissions. This should not come as a surprise, as the ability to reduce CO 2 emissions depends heavily on the capacity to relocate within the urban area. As relocation is more difficult when an urban area is not growing and building, the elasticities are much lower. In the shortrun (not shown here), the elasticities are similar in the two scenarios whether public transport infrastructure is available or not. The changes in population and income relative to the initial baseline scenario are very marginal by 2014. This explains why, unlike for the long-run, there is little difference in the elasticities in the absence of public transport in the short-run between the two socio-economic scenarios. Table 2 demonstrates the importance of the choice of the baseline. The capacity to mitigate GHG emissions depends on the reference socio-economic scenarios, including demographic, technological, and economic changes.
Comparing results from the model vs. econometric analysis
To the best of our knowledge the only other modeling exercise aimed at exploring the price elasticity of fuel consumption from urban traveling is a study by Anas and Hiramatsu (2012) for the city of Chicago, which uses the RELU-TRAN2 model (an extension of the RELU-TRAN model described in (Anas and Liu, 2007) ). They find a much lower elasticity of -0.081. While the reason for this difference is not obvious, the share of this elasticity which can be attributed to modal shift in the long run is 43%; i.e. quite similar to our own estimates (see Figure 4) .
To see our results in context, it is useful to consider the substantial body of literature analyzing the price elasticity of fuel consumption and road transport based on econometric techniques. Graham and Glaister (2002) offer a comprehensive survey of this literature, based on hundreds of studies on income and price elasticities of fuel consumption. Their survey indicates that throughout the literature price elasticity estimates are surprisingly consistent, with short-term elasticities (up to one year in their definition) mostly falling within a -0.2 to -0.3 range and long-term elasticities falling between -0.6 and -0.8. These results are in line with other surveys by Goodwin (1992) , Dahl (1995) , Goodwin et al. (2004) , and Kopp et al. (2013) .
In a later meta-analysis, Graham and Glaister (2004) conclude that the price elasticity for car travel demand is -0.16 in the short-run and -0.26 in the long-run -i.e. significantly lower than their elasticity estimates for the demand for fuel. In the same order of magnitude, Goodwin et al. (2004) find corresponding elasticities of -0.10 in the short-run and -0.29 in the long-run. In this context, Goodwin et al. (2004) note that consistently throughout the literature price elasticities for fuel consumption are found to be larger than road traffic elasticities by a factor 1.5 to 2. They suggest that this is due to a more efficient use of fuel in response to a fuel price increase, i.e. individuals would still embark on the same journey by car as before the price increase, but commit to more fuelconserving driving, and switch to more fuel-efficient vehicles. These results are fully consistent with Figure 5 , which indicates that, in the absence of modal shift, around 50% of emission reductions can be expected from urban reconfiguration (and modal shift when available) and 50% from more efficient vehicles. Regarding the difference between short and long-term effects, Jong and Gunn's (2001) results for Europe are also consistent with our findings, as they find that short-term effects were mainly limited to shifts in the mode of transport, while long-term effects also included shifts in the choice of destination and travel frequency, as well as relocation of population and economic activities.
Overall the qualitative nature of our results and their relationship and proportions across different timescales are consistent with the evidence from the literature. In terms of the numerical magnitude of elasticities in the literature, we note that our results in the presence of public transport suggest higher elasticities than presented in Table 3 . However, it is important to note that these results cannot be compared directly for various reasons: Considering commuting rather than general transport, implies that 'not traveling' is not an option as people still need to access their workplaces in order to earn their income. In the face of a fuel price increase one would expect that leisure trips, which are not indispensable, would be less frequent. If this were the case we would expect the price elasticities of fuel consumption for all travel purposes obtained through econometric methods to be higher in absolute value than our results. On the other hand, leisure trips tend to rely more on private vehicles or even air travel, because low emitting public transportation is a very imperfect substitute outside dense areas and for distant destinations. The city-based approach of our study means that average travel distances are shorter than in country based studies, thus possibly opening travel options such walking, cycling or public transit. This second effect would tend to make fuel price elasticities for commuting trips higher than for all trips.
Moreover, differences in the income level of countries or cities may complicate the comparison of transport elasticities. It has been found that historical price and income elasticities for both the demand for transport fuels and the demand for road transport have been decreasing (see Graham & Glaister (2004) , for a comprehensive literature survey). Fouquet (2012) analyses income and price elasticities for transport demand in the UK, and shows that the price elasticity for transport demand has decreased from -1.5 in 1850 to -0.6 in 2010. He suggests that the reason for this decrease is due to both technological progress and associated reductions in transportation costs, as well as rising income. This observation is confirmed by Graham and Glaister (2004) , who also note declining price elasticities throughout the past decades and suggest a negative relationship between price elasticities and real income. This implies that the standard of living can play a role in determining the demand for road transport, and provides a rationale for high price elasticities in developing countries. Hughes, Knittel and Sperling (2008) focusing on the US also study whether the short-run price elasticities of fuel consumption for automobiles have changed since the 1990 as a result of increasing incomes, introduction of fuel consumption standards, and changing land-use patterns. They provide evidence of decreasing price elasticities of gasoline demand. However, they show that the decreasing responsiveness of consumers to gasoline prices cannot be attributed to income growth. They argue that the shift in price elasticities is likely to reflect changes in land-use such as high suburban development and lower accessibility to transit infrastructure. Our results tend to support their analysis.
In this context, a relatively small body of literature looks at city-level elasticities, and illustrates just how much elasticities can differ across cities, emphasizing that city-specific characteristics (such as the availability and efficiency of a public transportation system) play a significant role. Nowak and Savage (2013) for instance estimate cross-elasticities for fuel prices and public transport use for the city of Chicago. They find that for gasoline prices above US$3 per gallon, the elasticity for rail transport increases to 0.12-0.14 (from 0.05 for prices below US$3). For gasoline prices above US$4, elasticities increase further to 0.28-0.38. Zhang (2004) estimates the travel cost elasticity for car travel to be -0.14 in Boston, but -0.24 in Hong Kong SAR, China. For New York City, Salon (2009) focuses on commuting in particular and analyzes determinants for commute mode using a discrete choice model. She finds a price elasticity for car commute of -0.33 for the whole of New York City, while estimates vary across different locations within New York: the elasticity is -0.23 for Staten Island and -0.79 for Manhattan which has the highest access to public transport in the urban area. In comparison, the two scenarios in our study can be interpreted to represent two different cities -one with a public transportation system and one without. The significant difference between our results for the two scenarios underscores, in line with the literature, that city-specific characteristics play a critical role in determining the elasticity.
Concluding remarks
This paper investigates the impact of path dependencies on the ability to reduce urban commuting CO 2 emissions with a carbon or gasoline tax. Due to imperfect decision-making and long planning and construction timescales of new infrastructure, investments in public transport are not always optimal, especially after changes in relative prices (e.g., due to carbon pricing). As a consequence, the provision of public transport does not adapt automatically and instantly to new socio-economic conditions. Exogenous scenarios that describe different patterns of public transport provision are therefore important for assessing the effectiveness and efficiency of price instruments.
We use two simplified and highly contrasted urban scenarios using the NEDUM-2D model. The first scenario looks at the Paris urban agglomeration, assuming that public transport service will remain equal to its 2012 level up until 2050. The second scenario investigates a counterfactual situation in which Paris would have developed without public transport infrastructure. These two scenarios are useful benchmarks to inform decision-makers in fast-growing cities, where decisions regarding public transport infrastructure are currently being made and will affect urban forms for decades and beyond. While the complete absence of public transport constitutes an extreme and hypothetical case, it is useful nevertheless for assessing the extent to which public transport impacts on the efficiency of price instruments to curb gasoline consumption and GHG emissions.
Our results show that public transport choices have a strong influence on the price elasticity of energy consumption and carbon emissions from urban individual transport. They provide an explanation for the varying responsiveness to price signals of different transport modes across time and space, as flagged in Kopp et al. (2013) . For instance, the model supports and could help quantify one of the hypotheses made in Hughes et al (2008) : They note a decrease in transport price responsiveness in the US between the 1970s and the 2000s, and suspect that the increase in suburban development has made households more dependent on private vehicles and less able to respond to gasoline price changes.
The analysis can also provide scenario-based (e.g., with or without public investment in public transport) elasticity values that can be employed in CGE models, which are used to assess the cost of climate policies. Indeed CGE models usually rely on fixed price elasticities, which are independent of the stock of infrastructure. Our analysis shows that when public transport networks are insufficient or missing, these average elasticities can lead to an overestimation of the capacity to mitigate CO 2 emissions or decrease fuel usage from transport. This paper also demonstrates the importance of the choice of the baseline. The capacity to mitigate GHG emissions will depend on baseline socioeconomic scenarios, including demographic, technological, and economic changes. This finding is consistent with the conceptual basis of the Shared Socio-economic Pathways (SSP). These scenarios which are currently developed to analyze climate policies are supposed to be contrasted in terms of capacity to mitigate GHG emissions O'Neill et al., 2013) . This suggests that elasticities in energy-economy models are not set in stone: they will vary from one location to another depending on socio-economic evolutions and pre-existing conditions, and they can be affected by policies (especially infrastructure policies). Thus, this analysis can provide useful inputs to calibrate CGE models more precisely and as a function of the chosen scenario.
A key result of this paper is that without complementary policies a carbon or gasoline tax would need to be considerably higher to achieve a given objective of (relative) emissions reduction. Our results not only suggest that emissions are higher without a public transport system in place, but also that the ability to mitigate them is lower. These results confirm and expand findings from Gusdorf and Hallegatte (2007a) , who showed that compact cities are less vulnerable to shocks in transport prices. They emphasize that synergies exist between transport and climate policies : if we aim to increase gasoline prices in the future (e.g. through gasoline or carbon taxes) then the existence of a public transport network can significantly lower the costs. Considering recent failures to introduce carbon taxes (for example in France), it can even be argued that the absence of these complementary policies could prevent the implementation of environmental taxes entirely (Hammar et al., 2004) .
Recent papers have suggested using a carbon tax (or revenues from cap-and-trade permit auctions) to raise government revenues to reduce debt and deficit or reduce other taxes (Carbone et al., 2012; Goulder, 1995; Rausch and Reilly, 2012) . While revenue raising can be an additional motive for implementing carbon pricing and -under some conditions -generate a double dividend, it is important to note that different rationales for implementing a carbon tax lead to different incentives regarding complementary policies. If the carbon tax is implemented to change behaviors and reduce GHG emissions, it makes economic sense to complement it with policies that increase the price elasticity of carbon emissions, such as technology and innovation support or the type of infrastructure investments discussed in this paper. If the carbon tax is implemented to raise revenues (and to increase taxation of under-taxed rents and reduce taxation of overtaxed factors of production, see Edenhofer et al., 2013) , then there is a disincentive to increase elasticity through such measures.
These results provide interesting input for policy makers in fast-growing cities in developing countries. Even if emission reductions are not a priority for them today, they need to take into account that their capacity to abate emissions in the future critically depends on the decisions they make today: in the absence of public transport investments and/or urbanization regulations, our results suggest they will face a low price elasticity of fuel consumption and GHG emissions. In other words, there exists an option value attached to a dense public transport network. This option value consists of the possibility of reducing emissions at a lower cost in the future.
These results are not only of relevance in the context of emission reduction, but also for mitigating the effects of rising oil prices and the impacts of other externalities such as congestion, accidents and air pollution. They suggest that where urban planning and public transport are concerned, "pollute now and clean up later" can be a very inefficient strategy (World Bank, 2012) .
